Recent searches for solar axions and large extra dimensions by Horvat, R. et al.
ar
X
iv
:h
ep
-p
h/
01
12
22
4v
2 
 1
4 
M
ar
 2
00
2
Reent searhes for solar axions and large extra dimensions
R. Horvat, M. Kr£mar, and B. Laki¢
Ruer Bo²kovi¢ Institute, P.O.Box 180, 10002 Zagreb, Croatia
(Dated: May 30, 2018)
We analyze the data from two reent experiments designed to searh for solar axions within the
ontext of multidimensional theories of the Kaluza-Klein type. In these experiments, axions were
supposed to be emitted from the solar ore, inM1 transitions between the rst exited state and the
ground state of
57
Fe and
7
Li. Beause of the high multipliity of axioni Kaluza-Klein states whih
ouple with the strength of ordinary QCD axions, we obtain muhmore stringent experimental limits
on the four-dimensional Peei-Quinn breaking sale fPQ, ompared with the solar QCD axion limit.
Speially, for the
57
Fe experiment, fPQ >∼ 1× 10
6
GeV in theories with two extra dimensions and
a higher-dimensional gravitational sale MH of order 100 TeV, and fPQ >∼ 1× 10
6
GeV in theories
with three extra dimensions and MH of order 1 TeV (to be ompared with the QCD axion limit,
fPQ >∼ 8× 10
3
GeV). For the
7
Li experiment, fPQ >∼ 1.4× 10
5
GeV and 3.4× 105 GeV, respetively
(to be ompared with the QCD axion limit, fPQ >∼ 1.9 × 10
2
GeV). It is an interesting feature of
our results that, in most ases, the obtained limit on fPQ annot be oupled with the mass of the
axion, whih is essentially set by the (ommon) radius of the extra dimensions.
PACS numbers: 11.10.Kk, 14.80.Mz, 24.80.+y, 96.60.Vg
Introdution.The reognition that there may be one
or more extra spae dimensions whih have sizes of the
order of a millimeter raises a good deal of interest [1℄.
The main motivation for introduing new physis is the
possibility to assoiate the Fermi sale with the Plank
sale of (4 + n)-dimensional gravity, thereby providing
a natural solution for the hierarhy problem of partile
physis. Speially, it has been suggested in suh a novel
theoretial framework that ordinary matter is onned to
a 3-brane onguration, while gravity and other, hypo-
thetial, partiles whih interat very weakly with matter
(suh as sterile neutrinos or axions) are only allowed to
inhabit the extra ompatied dimensions.
The fat that the urrent validity of Newton's law of
gravitation (∼ 0.1 mm) allows for the existene of extra
dimensions as large as millimeters made these models
attrative for phenomenology [2℄. Moreover, beause of
the presene of a large number of new partiles at the
TeV sale, one an expet a rih phenomenology for ol-
lider physis. Finally, if future ollider experiments fail
to disover supersymmetry, whih is the almost univer-
sally aepted framework for onstruting extensions of
the standard model and the main proposal that solves
the hierarhy problem, the whole senario might beome
an exeedingly interesting alternative.
In spite of all the attrative features mentioned above,
it is lear that the simplest models with TeV fundamental
sales and large extra dimensions will not work any more
in all partile physis phenomena that invoke high-energy
sales. Thus, for instane, mehanisms for neutrino mass
generation (the seesaw mehanism), gauge oupling uni-
ation, proton deay, and the Peei-Quinn (PQ) meh-
anism for explanation of the strong CP problem in the
quantum hromodynamis (QCD) need to be revised in
the new theory. In the latter ase, in order to preserve the
axion solution to the strong CP problem, three indepen-
dent higher-dimensional features leading to an invisible
axion were disovered [3℄.
In this paper, in light of this novel framework,we review
data from two reent experiments [4, 5℄ aimed to detet
solar, near-monohromati hadroni axions. The experi-
mental eorts [4, 5℄ to detet solar axions were the rst
to employ a new sheme for detetion of hadroni axions
whih ouple only to nuleons, as proposed by Moriyama
[6℄ and by Kr£mar and ollaborators [5℄. Having been
onvined of a mehanism for ahieving an invisible ax-
ion [3℄, one is then allowed to assume an innite tower
of Kaluza-Klein (KK) exitations as the most important
feature of plaing the QCD axion in the extra dimen-
sions. Our kinematial limits are high enough to ensure
high multipliity of the KK axion modes (for two or three
extra dimensions), leading to a muh larger ux than in
ordinary theories and enabling us to plae a muh more
stringent limit on the PQ-breaking sale fPQ. In addi-
tion, our results on fPQ pratially demonstrate the most
important feature leading to the invisibility of the ax-
ion: a omplete deoupling of the mass of the axion from
the PQ-breaking sale fPQ.
QCD axions.Peei-Quinn solution to the strong
CP problem in QCD [7℄ predits the existene of
a neutral, spin-zero pseudosalar partile, alled the
(QCD) axion, assoiated with the spontaneously bro-
ken PQ symmetry. The mass of the axion (mPQ)
is related to the PQ symmetry breaking sale by
mPQ/eV = 6 × 10
6 GeV/fPQ. Two lasses of ax-
ion models are disussed ommonly in the literature:
KSVZ (Kim-Shifman-Vainshtein-Zakharov) models [8℄
and DFSZ (Dine-Fishler-Sredniki-Zhitnitski

i) or grand
unied theory (GUT) models [9℄. Sine the KSVZ axions
do not interat with eletrons at tree level, they are re-
ferred to as hadroni axions. In addition, their oupling
to photons, gaγγ∝mPQ [E/N−2(4+z+w)/3(1+z+w) ],
depends upon a model-dependent numerial parameter
E/N , while for DFSZ axions E/N = 8/3. As suh,
2hadroni models with E/N = 2 [10℄ will have greatly
suppressed photon ouplings beause of a anellation
of two unrelated numbers, one being a funtion of the
number of new quarks and their harges, the other a
funtion of quark mass ratios z ≡ mu/md ≃ 0.55 and
w≡mu/ms≃0.029 [11℄.
Cosmologial and astrophysial onsiderations appear
to restrit the PQ-breaking sale to two possible ranges,
the so-alled hadroni axion window of hot dark mat-
ter interest [12℄, 3 × 105 GeV <∼ fPQ
<
∼ 7 × 10
5 GeV
[13, 14℄, and a window of old dark matter interest,
109 GeV <∼ fPQ
<
∼ 10
12 GeV [15℄. The rst range exists
only for hadroni QCD axions as long as the axion to
photons oupling is suiently small (E/N = 2). DFSZ-
type QCD axions are exluded from this region by the
globular-luster arguments based on the axion to pho-
tons and axion to eletron ouplings [13℄. These argu-
ments do not aet hadroni QCD axions whih ouple
only to nuleons (E/N = 2) beause their interations
with photons and eletrons are strongly suppressed.
It should be noted that the hadroni axion window is
indiated by the supernova (SN) 1987A ooling and axion
burst arguments whih suer from statistial weakness,
with only 19 neutrinos being observed, as well as from all
unertainties related to the axion emission from a hot and
dense nulear medium [13, 14℄. It is therefore of ruial
importane to experimentally measure or onstrain the
hadroni axion window.
In the following, the questions onerning the PQ-
breaking sale related to the hadroni axions will be ad-
dressed.
Limits on fPQ from
57
Fe and
7
Li experiments.Two
new soures of near-monohromati axions whih might
be emitted from the solar ore have been reently pro-
posed: (i) thermally exited nulei of
57
Fe whih is one
of the stable isotopes of iron, exeptionally abundant
among the heavy elements in the Sun [6℄, and (ii) ex-
ited nulei of
7
Li produed in the solar interior by
7
Be
eletron apture and thus aompanying the emission of
7
Be solar neutrinos of energy 384 keV [5℄. Sine the ax-
ion is a pseudosalar partile, one an expet the emission
of near-monohromati axions duringM1 transitions be-
tween the rst exited level and the ground state in
57
Fe
and
7
Li. The high temperatures in the enter of the Sun
(∼1.3 keV) symmetrially broaden the axion line to a full
width at half maximum of about 5 eV and 0.5 keV owing
to the motion of axion emitters
57
Fe and
7
Li, respetively.
As a result of Doppler broadening, these axions, approx-
imately entered at the transition energy E0 =14.4 keV
and E0=478 keV, would be resonantly absorbed by the
same nuleus
57
Fe and
7
Li, respetively, in a laboratory
on the Earth. The detetion of subsequent emission of
gamma rays either of 14.4 keV or 478 keV would be a
sign of axion existene.
Following the alulations in Refs. [5, 6℄, one an nd
that the rate of exitation per partiular nuleus whih
is expeted for solar-produed axions inident on a labo-
ratory target of that metal is given by
P (mPQ) =
∫ +∞
−∞
dEa
dΦ(Ea)
dEa
σD(Ea) , (1)
where dΦ(Ea)/dEa is the dierential ux of partiular
solar axions and σD(Ea) is the eetive ross setion for
resonant absorption of these axions by a partiular nu-
leus on the Earth. Both dΦ(Ea)/dEa and σD(Ea) in-
rease as Γa/Γγ . Here
Γa
Γγ
=
(
ka
kγ
)3
1
2πα
1
1 + ζ2
[
g0β + g3(
µ0 −
1
2
)
β + µ3 − η
]2
(2)
represents the branhing ratio of the M1 axioni transi-
tion relative to the gamma transition [16℄ and ontains
the nulear-struture-dependent terms β and η as well as
the isosalar and isovetor nulear magneti moments µ0
and µ3. The momenta of the photon and the axion are
denoted by kγ ≈ E0 and ka ≈
√
E20 −m
2
PQ, respetively,
while α = 1/137 is the ne struture onstant, and ζ
is the E2/M1 mixing ratio. The isosalar and isovetor
axion-nuleon oupling onstants, g0 and g3, are related
to fPQ in the hadroni axion model [10, 17℄ by the ex-
pressions
g0 = −
mN
fPQ
1
6
[
2S + (3F −D)
1 + z − 2w
1 + z + w
]
(3)
and
g3 = −
mN
fPQ
1
2
(D + F )
1− z
1 + z + w
, (4)
where mN is the nuleon mass, the onstants F and D
are the invariant matrix elements of the axial urrent,
determined from hyperon semi-leptoni deays, and S is
the avor-singlet axial-vetor matrix element extrated
from polarized struture funtion data.
The experimental methods as desribed above are
based on axion to nuleon oupling, both at the soure as
well as at the detetor, and therefore favorable for investi-
gating the hadroni axions. First experiments performed
along this new line of solar axion searhes set an upper
limit on hadroni axion mass of 745 eV (
57
Fe experiment)
[4℄ and of 32 keV (
7
Li experiment) [5℄ at the 95% on-
dene level. Translating these results into limits on the
PQ-breaking sale, one obtains fPQ >∼ 8 × 10
3 GeV and
fPQ >∼ 1.9 × 10
2 GeV for the experiment with 57Fe and
7
Li, respetively.
Axions in large extra dimensions.In Ref. [1℄, it was
noted that with n ompat extra dimensions, and fa-
torizable geometry with volume Vn, the relation between
the familiar Plank sale MPl = 1.22 × 10
19 GeV and
the higher-dimensional gravitational sale MH is given
by the formula
M2Pl =M
n+2
H Vn , (5)
3where Vn ≡ R
n
was onsidered to be exponentially large,
suh that MH ∼MW . Similarly, one an plae the QCD
axion in the bulk of δ extra dimensions [1, 3, 18℄, by
onsidering a relation of the type Eq. (5),
f2PQ = f¯
2
PQM
δ
S Vδ , (6)
now onneting the four-dimensional PQ-breaking sale
fPQ with a higher-dimensional PQ-breaking sale f¯PQ,
andMS is the string sale,MS ∼MH . The most restri-
tive limits on the ompatiation saleMH for n=2 and
3 extra dimensions ome from astrophysis (for the most
stringent onstraints, see the reent work [19℄).
Sine the astrophysial limits on fPQ [13, 14, 15℄ are
many orders of magnitude larger than MH ∼ MW , one
should aount for suh a large mass sale by introduing
the axion eld in higher dimensions, with f¯PQ that ould
even be muh smaller than ∼ MW [20℄. On the other
hand, as fPQ << MPl, it is natural to assume that δ ≤ n
[3, 20℄. The full generalization of the PQ mehanism to
higher dimensions an be found in Ref. [3℄.
Another feature of the higher-dimensional axion eld
important to us is its Kaluza-Klein deomposition. These
four-dimensional modes with an almost equidistant mass-
splitting of order 1/R will be emitted from exited nulei
of
57
Fe and
7
Li up to their kinemati limits. Only the
zero mode transforms under the PQ transformation as
the true axion, and therefore is only required to have a
derivative oupling to fermions, thereby playing a role of
the ordinary QCD axion. It is, however, to the higher-
dimensional struture of the axion eld that eah KK
mode has idential derivative ouplings to fermions, with
strength set by fPQ (the oupling strength of the full
linear superposition of the KK states is set by f¯PQ).
Now, we alulate the rate from Eq. (1) as a funtion of
the KK axion mass, with ka ≈
√
E20 −m
2
~δ
. The masses
of the KK modes are given by
m~δ =
1
R
√
n21 + n
2
2 + ...+ n
2
δ ≡
|~δ|
R
, (7)
where we assume that all n extra dimensions are of the
same size R. As a next step we need to alulate a sum
due to ontributions of the massive KK modes. Beause
of the smallness of the mass splitting for the size R large
enough (∼ 1/R), it is justiable to use integration instead
of summation [21℄. The rate of exitation per partiular
nuleus from Eq. (1) therefore reads
P =
2 πδ/2
Γ(δ/2)
Rδ
∫ E0
0
dmmδ−1P (m) . (8)
For n = 2, 3, 4 extra dimensions (δ ≤ n), our limits on
fPQ for both experiments are summarized in Tables I and
II.
Disussion.One noties from Tables I and II that
our lower limits on fPQ are always muh more stringent
than that obtained in onventional theories. Obviously,
TABLE I: Limits on fPQ, mPQ, and ma derived from the
experiment with
57
Fe [4℄ when the QCD axion is plaed in
the bulk of two and three extra spaetime dimensions.
n = 2 MH = 100 TeV MH = 1000 TeV
R 1.22× 103 keV−1 12.2 keV−1
1/2R−1 0.4 eV 41 eV
δ 1 2 1 2
fPQ/GeV >∼ 9× 10
4
1× 10
6
3× 10
4
1× 10
5
mPQ/eV <∼ 67 6 211 60
ma/eV <∼ 0.4 0.4 41 41
n = 3 MH = 1 TeV MH = 10 TeV
R 53 keV−1 1.14 keV−1
1/2R−1 9.4 eV 439 eV
δ 1 2 3 1 2 3
fPQ/GeV >∼ 4×10
4
2×10
5
1×10
6
2×10
4
3×10
4
6×10
4
mPQ/eV <∼ 146 29 6 375 197 103
ma/eV <∼ 9.4 9.4 6 375 197 103
TABLE II: Limits on fPQ, mPQ, and ma derived from the
experiment with
7
Li [5℄ when the QCD axion is plaed in the
bulk of two, three and four extra spaetime dimensions.
n = 2 MH = 100 TeV MH = 1000 TeV
R 1.22× 103 keV−1 12.2 keV−1
1/2R−1 0.4 eV 41 eV
δ 1 2 1 2
fPQ/GeV >∼ 5× 10
3
1× 10
5
2× 10
3
1× 10
4
mPQ/eV <∼ 1× 10
3
43 4× 10
3
429
ma/eV <∼ 0.4 0.4 41 41
n = 3 MH = 1 TeV MH = 10 TeV
R 53 keV−1 1.14 keV−1
1/2R−1 9.4 eV 439 eV
δ 1 2 3 1 2 3
fPQ/GeV >∼ 2×10
3
3×10
4
3×10
5
9×10
2
4×10
3
2×10
4
mPQ/eV <∼ 3×10
3
211 18 7×10
3
1×10
3
316
ma/eV <∼ 9.4 9.4 9.4 439 439 316
n = 4 MH = 1 TeV
R 0.11 keV−1
1/2R−1 4.5 × 103 eV
δ 1 2 3 4
fPQ/GeV >∼ 5× 10
2
1× 10
3
3× 10
3
8× 10
3
mPQ/eV <∼ 1× 10
4
5× 10
3
2× 10
3
714
ma/eV <∼ 4× 10
3
4× 10
3
2× 10
3
714
this is due to the fat that for E0 > R
−1
the multi-
pliity of states whih an be produed is large. Going
to higher n the mass splitting of the spetrum beomes
larger, thereby dereasing the multipliity, and the bound
on fPQ is less stringent. Suh a behavior is learly dis-
played in Tables I and II.
Another feature visible in our Tables I and II represents
a pratial demonstration of the eet found in Ref. [3℄
that the mass of the axion an beome independent of
the energy sale assoiated with the breaking of the PQ
symmetry. Suh an eet an be used to deouple the
mass of the axion from its ouplings to ordinary matter,
thereby providing a sought-for method of rendering the
4axion invisible in higher-dimensional senarios. The ef-
fet of KK modes on the axion mass matrix is suh that
the zero-mode axion mass is stritly bounded by the ra-
dius of the extra dimensions, ma ≤ (1/2)R
−1
. Thus, in
higher dimensions the mass of the axion is approxima-
tively given as [3℄
ma ≈ min
(
1
2
R−1,mPQ
)
. (9)
We see that for most ombinations of n, δ, and R, the up-
per limit on mPQ is onsiderably higher than (1/2)R
−1
,
and therefore annot be onsidered as a genuine limit on
the mass of the axion.
Summary.We have interpreted data from two re-
ent experiments aimed to searh for solar, near-
monohromati axions, assuming KK axions oming from
the Sun. Within the ontext of onventional hadroni
models with E/N = 2, both experiments set a stringent
upper limit on the axion mass. We have shown that
data, when interpreted in the higher-dimensional frame-
work, annot be used, in most ases, to set any relevant
limit on the axion mass. On the other hand, our lower
limits on the four-dimensional PQ-breaking sale turned
out to always be a few orders of magnitude more strin-
gent than the ordinary QCD limit. Finally, we stress
that the most restritive bounds we have derived from
the
57
Fe experiment (fPQ >∼ 1×10
6 GeV in theories with
two extra dimensions and MH ∼ 100 TeV as well as in
theories with three extra dimensions and MH ∼ 1 TeV)
and from the
7
Li experiment (fPQ >∼ 1.4× 10
5 GeV and
3.4×105 GeV, respetively) fall into the parameter spae
of hot dark matter interest.
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